INTRODUCTION
The precipitation of calcite (CaCO 3 ) is of great importance in natural environments, regulating the carbon composition of rivers, lakes and oceans (Stumm & Morgan 1996) .
Moreover CaCO 3 scaling is often a major problem in natural water supply of industrial plants and various chemical engineering processes. The precipitation and crystallization of calcite as an insulating layer causes a decrease in the flow rate in pipes and reduced heat transfer in heat exchangers (Drew Ameroid 1997) . Several publications report on the crystallization of CaCO 3 in aqueous solutions. Apart from the temperature (Kabasaci et al. 1996; Johannsen et al. 1997) , the pH value (Brown et al. 1993; Gomez-Morales et al. 1996) and the number of inoculating seed crystals (Reddy & Gaillard 1981; Takasaki et al. 1994) the crystal growth rate is strongly dependent on supersaturation with respect to calcite. With increasing supersaturation S the growth rate r follows an expression of the form r , (S 2 1) x . Therefore r corresponds to a linear (x ¼ 1) (Reddy & Nancollas 1971; Meyer 1979; Gutjahr et al. 1996) or parabolic (x ¼ 2) dependence (Kazmierczak et al. 1982; Nielsen & Toft 1984; Lioliou et al. 2007 ) on the degree of supersaturation.
In addition, the kinetics of calcite precipitation is widely explained by surface reaction-controlled mechanisms. The surface reaction-controlled mechanisms consist of adsorption, dehydration and surface diffusion of lattice ions, spiral growth at screw dislocations, or two-dimensional nucleation on the mineral surface. The precipitation of calcite can also be diffusion controlled, depending on the degree of supersaturation and hydrodynamic conditions at which doi: 10.2166/aqua.2010.076 the precipitation is initiated (Shiraki & Brantley 1995; Zeppenfeld 2005) .
Apart from supersaturation, the growth rate of calcite may also be affected by the aqueous composition through the carbonate anion to calcium cation concentration ratio of the solution (van der Weijden et al. 1997; Lin & Singer 2005) . These studies demonstrated that for different solution compositions with the same degree of supersaturation, the calcite precipitation rate increased with increasing carbonate/calcium ratio. This finding contradicts the generally accepted assumption that the degree of supersaturation is the sole factor for controlling precipitation kinetics. The precipitation experiments were initiated by adding calcite seed crystals to the solutions in a constant pH range from 7.2 to 9.0. Furthermore it could be demonstrated (Nehrke et al. 2007 ) that under a high and fixed pH (10.2) and at a constant degree of supersaturation, the growth rate of a single crystal was highest when the concentration ratio 
MATERIALS AND METHODS
All experiments were carried out in a 500 cm 3 glass vessel thermostatized at a constant room temperature of 25^0.58C. NaHCO 3 and CaCl 2 solutions were prepared from corresponding reagent grade crystalline solids (Merck) using deionised water (0.06 mS cm 21 ). The concentration of the CaCl 2 and NaHCO 3 solutions were 5.0 to 9.0 mmol l 21 and 6.0 to 20.0 mmol l 21 , respectively. Equal volumes (200 ml) of the calcium chloride and hydrogen carbonate solutions were rapidly mixed by injecting them at the same time under stirring (600 rpm) using a magnetic stirrer to achieve a critical supersaturation with respect to CaCO 3 .
The magnetic stirrer has no noticeable influence on CaCO 3 precipitation, as substantially higher intensities of a magnetic field (. 0.2 tesla) are needed for a noticeable effect (Tai et al. 2008 (House 1981) and NaCl causing a maximal error of 2%, was also neglected.
The conditions of the supersaturated solutions were selected so that the formation of calcium carbonate was initiated after an induction time. The onset of precipitation was accompanied by a reduction in the Ca 2 þ concentration, which was determined by measuring the electric conductivity k 25 as a function of time. The crystalline precipitation products were dried at room temperature and examined by X-ray powder diffractometry. The precipitate consisted only of calcite; the aragonite and the vaterite modifications were not observed.
RESULTS AND DISCUSSION
Kinetics of calcite precipitation
The calcite precipitation described above is considered to result from the following reactions:
The supersaturation S with respect to calcite is defined as:
where K so is the thermodynamic solubility product of calcite (pK so ¼ 8.42 (Stumm & Morgan 1996) were decreasing slowly, resulting in a slightly turbid solution. After the formation of a sufficient area of nuclei, the crystal growth was the dominant process (Mullin 2001) and mass precipitation of calcite started, followed by a rapid decrease in the Ca 2 þ concentration. A drop in the pH value indicated the beginning of precipitation according to
Equations (3) and (4), whereby the dissolved CO 2 was stripped partially by stirring and therefore a final pH value of 7.43 was attained at 160 min. The supersaturation decreased according to Equation (5) Analysis of calcite crystal growth data is facilitated by the integrated form of Equation (7): Figure 1 confirms that Equation (8) 
Nucleation
The formation of nuclei is the first step to produce a crystalline product. Nucleation mechanisms are considered to be either homogeneous, where collisions on the For heterogeneous nucleation the surface energy is corrected by the factor f(Q) which is related to the hypothetical contact angle of a solute nucleus spreading on the surface of a foreign particle. The contact angle is a function of the affinity between a cluster of the condensed solute and the uppermost layer of molecules of foreign particles, e.g. dust particles. For f(Q) ¼ 1, the nucleation is homogeneous and for f(Q) , 1, the nucleation is heterogeneous.
If nucleation is followed by diffusional growth, the rate of nucleation J s is reversely proportional to the induction period t Ind (Sö hnel & Mullin 1988):
Substituting Equation (10) into Equation (11) 
The plot of the dependence of the measured induction times (Table 1) concentration m decreases. This tendency is more pronounced at higher supersaturation (S . 25). Therefore the above described acceleration of precipitation decreases with increasing Ca 2 þ concentration. This is in agreement with the fact that an increasing hydrogen carbonate/ calcium ratio results in a higher precipitation rate at similar values of supersaturation (Table 1) .
These results can be explained by using surface complexation reactions as outlined in the following para- Table 2 .
In aqueous solutions water molecules are ordered near the calcite surface by forming OH-groups (Perry et al. 2007 ).
The precipitation of calcite requires the adsorption of the mineral lattice ions Ca 2 þ and CO 3 22 on the surface, followed by dehydration of the formed surface complexes.
The major surface species under the experimental conditions described above (pH ¼ 8.30) are . CaCO 3 2 and . CO 3 2 , which were measured by diffuse reflectance infrared spectroscopy (Pokrovsky et al. 2000) . These results are consistent with the observation that in an aqueous medium the surface charge of calcite is negative (Thomson & Pownall 1989) and that variation in pH does not affect the surface potential significantly (Cicerone et al. 1992) .
Furthermore the surface concentration of . CaCO 3 2 and . CO 3 2 are positively correlated with observed calcite precipitation rates (Lin & Singer 2005 Surface complexation reaction log 
in which the CaCO 0 3 ðaqÞ is about 20 times more reactive than Ca 2 þ (aq) at the calcite-water interface (Nilsson & Sternbeck 1999) . However, the dehydration of the dissolved ionic species is required to incorporate lattice ions into the calcite structure during the precipitation process. It can be suggested that the carbonate ion has a greater water exchange rate than the calcium ion and the dehydration of the cation is the rate-determining step in calcite precipitation (Nielsen 1984) . 
